A compact cooling system is examined which capitalizes upon fluid density differences between two vertical, parallel, interconnected 
Introduction
Several cooling schemes have been developed in recent years to combat the large increases in heat dissipation from electronic and power devices. Air-cooled heat sinks are presently found in most personal computers, but are rapidly approaching accepted industry limits for noise and vibration. In addition, the poor thermal path between the device and air stream produces unacceptably high device temperatures when dissipating high heat fluxes. Liquid cooling can alleviate those concerns by greatly reducing the thermal resistance between the device and coolant, especially when the device is fully submerged in the coolant. The heat is dissipated first to the coolant and ultimately rejected to an air stream via a remote high-performance heat exchanger.
Liquid cooling can be implemented in a broad range of configurations, including natural convection, channel flow, jetimpingement, and spray cooling. There is ample evidence that phase change of a liquid coolant greatly enhances cooling performance relative to single-phase systems ͓1͔. Two types of liquid coolants are commonly used for dissipation of concentrated heat loads. Water is inexpensive, widely available, and possesses very attractive thermal transport properties. However, its poor dielectric properties preclude its use in intimate contact with currentcarrying components. Hence water is used only in indirect cooling configurations, buffered from electrical components, and where extremely high heat fluxes are encountered, such as in fusion reactor blankets ͓2,3͔ and x-ray devices ͓4͔. The other type of coolant are fluorochemical liquids that are available with a broad range of boiling points to suit different cooling needs. They include DuPont's Freon refrigerants and 3M's Fluorinerts. The latter are a family of chlorine-free liquid coolants that have unprecedented dielectric properties, making them ideal candidates for direct-immersion cooling of electronic devices. Unfortunately, their thermal transport properties are far inferior to those of water, which greatly compromises their cooling effectiveness.
Micro-cooling devices are especially popular because their small size is well suited for electronic devices, let alone their miniscule coolant inventory requirements. Liquid flow in microcoolers is typically laminar, which results in a heat transfer coefficient inversely proportional to the hydraulic diameter. Thus enormous heat transfer coefficients can be realized simply by reducing hydraulic diameter ͓5͔. Unfortunately, micro-cooling devices are known to produce enormous pressure drop when dissipating high heat fluxes. They are also plagued by large stream-wise temperature increases in both the coolant and the heat-dissipating device. Those increases are often detrimental to temperature-sensitive devices such as computer processors.
By allowing partial or total consumption of the liquid coolant by boiling, two-phase micro-channel coolers can greatly reduce coolant flow rate requirements relative to single-phase systems ͓6͔. They also help maintain stream-wise temperature uniformity by capitalizing on latent, rather than sensible heat transfer. But like single-phase micro-channel coolers, they can produce excessive pressure drop when dissipating high heat fluxes. Much attention is now being focused on the development of micro-pumps for miniature cooling loops. Thus far, micro-pumps have failed to deliver adequate coolant flow rates, and their reliability remains illusive.
Ironically, the increase in electronic device heat dissipation, which is requiring increasingly complex cooling solutions, is taking place as the computer industry is facing shrinking profit margins and pricing pressures. Cost alone has precluded the deployment of several highly effective liquid cooling schemes, including jet-impingement and sprays. What the industry is presently after are liquid cooling schemes that are thermally effective, reliable, compact, and low cost.
Heat pipes, which are presently used in notebook computers, do satisfy the size, cost, and reliability requirements. However, it is widely acknowledged in the computer industry that heat pipes are no longer able to handle anticipated heat dissipation requirements of advanced processors. A key limitation of heat pipes is the miniscule liquid flow rate possible with capillary forces. Thermosyphons are better suited where gravity can be effectively utilized within the confines of an electronic housing. The heat-dissipating device is submerged in a boiler, where pool boiling releases vapor that rises by buoyancy to an elevated air-cooled condenser, returns to liquid state, and drips back to the boiler below. Thermosyphons are far less expensive than other cooling schemes because they are pumpless, self-contained, and therefore maintenance free. Two key thermal limitations of thermosyphons utilizing dielectric coolants are incipient boiling temperature drop and relatively low critical heat flux ͑CHF͒ ͓7͔. The incipient boiling temperature drop is the result of the low contact angle of dielectric coolants enabling the liquid to flood surface cavities, precluding the capture of large vapor embryos. The few small embryos remaining in cavities require unusually high surface temperatures to nucleate. But once a cavity begins to nucleate, vapor is deposited into neighboring cavities, which are quickly activated as well. A nucleation front propagates very rapidly across the surface. In the process, an appreciable fraction of the surface undergoes a sudden transformation from single-phase natural convection to nucleate boiling, resulting in a large temperature drop and potential damage to the device by thermal shock.
The second obvious limitation of thermosyphons is the relatively low CHF associated with pool boiling. A single occurrence of the sudden, unsteady rise in surface temperature associated with CHF can lead to permanent device damage. Without surface augmentation, the Zuber et al. model ͓8͔ predicts that CHF for saturated pool boiling in FC-72 is 15.24 W cm Ϫ2 and 110.4 W cm Ϫ2 in water. However, these predictions assume an infinite pool of liquid. The geometrical confines of the miniature boiler required for electronic cooling are likely to interrupt liquid replenishment of the device surface during vigorous boiling, hence greatly compromising CHF from the above indicated values.
This paper explores a new cooling system specifically tailored to compact, high-flux electronic cooling systems. Key design requirements of this new concept are ͑1͒ pumpless coolant circulation, ͑2͒ cooling effectiveness, ͑3͒ compactness, ͑4͒ reliability, ͑5͒ maintenance-free operation, ͑6͒ use of a dielectric coolant, and ͑7͒ low cost. This new cooling system is also intended to circumvent the thermal limitations of its thermosyphon predecessor, namely, incipient boiling temperature drop and low CHF.
Pumpless Loop Cooling Concept. The system examined in this paper utilizes fluid density differences between two vertical, parallel tubes to achieve coolant flow. As shown in Fig. 1 , the two tubes are connected at the top to a free-surface reservoir, which is connected to a condenser above, and the heat dissipating device is incorporated into a boiler in one of the tubes, the ''hot tube.'' The principle involved is that when liquid in the hot tube is heated beyond the saturation temperature, bubbles will form which are driven upwards by buoyancy. The vapor production greatly decreases the mixture density in the hot tube, while the other ''cold tube'' maintains a fairly constant liquid density. The large fluid density differences between the two tubes produces a substantial nonequilibrium in hydrostatic pressure which, in the presence of a free interface in the reservoir, produces a higher pressure at the bottom of the cold tube compared to the hot tube. This sets up a clockwise cooling circuit, where liquid is drawn downwards from the reservoir through the cold tube as a two-phase mixture is released upwards in the hot tube. Once the cooling circuit is set into motion, the coolant flow will adjust itself in response to the complex gravitational ͑density driven͒, frictional, and accelerational pressure drop interactions, dictated solely by the heat input to the hot tube. Cooling with this pumpless loop is fundamentally different from pool boiling thermosyphons. The latter relies on liquid penetration between departing vapor masses to replenish the heated surface, and any reduction in the size of the liquid pool can interrupt the liquid replenishment. The present pumpless loop concept completely separates the path of the replenishment liquid from that of the released vapor.
Interestingly, the concept of coolant flow between cold and hot parallel tubes is by no means new. For example, it is encountered in the boilers of conventional power generation plants ͓9͔. Many boiler designs consist of a large number of vertical parallel tube bundles that carry water between two large headers, and heat released from the combustion process boils the water gradually along each tube. Lack of uniformity in the combustion process results in some ͑cold͒ tubes receiving less heat than the other ͑hot͒ tubes. This creates appreciable two-phase density gradients between tubes, which often leads to downflow in the cold tubes. This phenomenon is highly undesirable in power plants, and several control measures are adopted to prevent it, since it can greatly compromise cycle efficiency. The same form of instability is used advantageously in the present system to set up the desired cooling loop. The present pumpless loop concept also capitalizes upon the heat transfer augmentation effects of flow boiling in narrow gaps.
The present cooling concept constitutes a ''smart,'' self-driven system. The term smart is used to designate a class of systems that can respond passively to enhance performance without external control input, such as a variable speed pump, to respond to the heat input. As the heat input increases in the present system, coolant flow is initiated by density differences between the cold and hot tubes. For small boiler gaps, increasing heat input increases the void fraction in the hot tube, which both increases the density Transactions of the ASME difference between the two tubes, and the velocity of the twophase mixture within the boiler, thereby increasing the cooling capacity even more. In this paper, the performance of this pumpless cooling system is explored and compared for FC-72 and water. Experiments were performed to ͑a͒ demonstrate the validity of the concept, ͑b͒ visualize the vapor-liquid interactions for FC-72 and water, and ͑c͒ examine the influence of boiler gap ͑key miniaturization parameter͒ on cooling performance. A numerical model is then constructed to determine how the boiler gap influences the various components of pressure drop, velocities, and coolant flow rate in the cooling loop, and hence system response to heat input.
Experimental Facility and Methods
Test Module. As shown in Fig. 2(a) , the test module consisted of a rectangular G-10 fiberglass plastic housing, to which a vertical heated surface was attached, and a transparent cover plate. The square boiling surface was flush mounted in a raised platform in the cavity of the housing. The primary purpose of the raised platform was to produce a step in the flow, ensuring a fair degree of turbulence in the liquid prior to flowing over the boiling surface. Constructed from optically clear polycarbonate plastic ͑Lexan͒, the cover was designed to vary the flow gap between the boiling surface and cover. An O ring around the perimeter of the housing prevented any leakage from the module cavity. The interface between the housing and the square shoulder of the heater was sealed off with high-temperature silicone rubber.
Since the depth of the boiling surface was 9.5 mm from the housing surface ͑see Fig. 2(a) ), the gap could be either increased or decreased according to how the cover was machined. A separate cover plate was fabricated for each gap of less than 9.5 mm.
Those cover plates where machined with a projecting face, the depth of the projection corresponded to the desired decrease from 9.5 mm. For flow gaps greater than 9.5 mm, the cover plate consisted of a universal cover plate fitted with a spacer that provided the required increase in thickness above 9.5 mm. Coolant leaks between the cover plate and spacer were prevented by an O ring. A total of 13 polycarbonate cover combinations were machined, providing gaps ranging from 0.051 to 21.46 mm.
Figure 2(b) shows a sectional view of the test module, including the detailed construction of the test heater. The square boiling surface exposed to the coolant simulated a computer processor or other high heat flux source. The boiling surface was lapped after machining to ensure complete flatness and smoothness. The heating block was fabricated from high purity oxygen-free copper, which was square along the coolant side and cylindrical on the opposite end. A shoulder in the square portion allowed a snug fit with the G-10 housing. As shown in Fig. 2(c) , the cylindrical portion contained 16 Hotwatt cartridge heaters rated to dissipate up to 120 W at 120 V each.
Three K-type thermocouples were used to measure the thermal performance of the system. One was inserted into the heater block just beneath the boiling surface, and from which the boiling surface temperature was determined. The other two were inserted into the coolant flow from the side of the boiler housing. One measured the liquid temperature at inlet to the boiling surface ͑which was close to the liquid saturation temperature͒, while the other measured the temperature of the two phase mixture just emerging from the boiling surface.
System Hardware. As shown in Fig. 1 , the test module was connected to the reservoir via both the hot and cold tubes. Any vapor produced in the hot tube simply bubbled through the reser- voir liquid, and was released to a fan-cooled Lytron condenser. The condenser was situated directly above the reservoir, where the vapor condensed to liquid that dripped back into the reservoir. The condenser was bled to the atmosphere by means of a ball valve, which was kept slightly open to maintain atmospheric pressure at the free interface of the reservoir. A tee junction at the lowest point of the cold tube led to a liquid supply flask. The flask provided a pre-calibrated mass of coolant into the cooling loop before the flask was sealed off using a ball valve. A pressure gauge was connected to the lowest point of the cold tube in the liquid supply flask line. The hot and cold tubes were constructed of translucent PTFE tubing and connected to the other components of the apparatus via brass compression fittings. Table 1 lists all the key geometrical parameters of the test apparatus.
A Hewlett Packard 3497A data acquisition/control unit, interfaced to a Dell PC, was used for reading the three boiler module temperatures using Labview software. The test apparatus included two 12-amp, 0-140-V Staco variacs. One variac was used to modulate power feed to the cartridge heaters, and the other the condenser fan. A Yokogawa WT 200 digital power meter, with a precision of 0.02 percent, measured the power supply to the cartridge heaters.
Pictures were taken using a Nikon FM-2 camera with an assortment of close-up lenses. A continuous high-intensity light source or a strobe flash from a 1538A Strobotac were used for illumination, depending on bubble size, velocity, and coolant.
Experimental Procedure. The hot and cold tubes were first filled with liquid from the supply flask until the reservoir was partially filled with liquid. The supply flask ball valve was then closed and condenser fan switched on with the condenser valve slightly open. Power was supplied to the heater in small increments and measured by the power meter. The waiting period to ensure that the boiling surface temperature reached steady state varied according to heat flux at which the reading was being taken. In general, the waiting period for FC-72 and heat fluxes below 35 percent CHF varied from 30 to 85 min, decreasing to 5 min near CHF. The waiting period was shorter with water than with FC-72, given the superior thermal transport properties of the former. The power was switched off once CHF was detected.
Repeatability of the data was confirmed by performing three separate tests for select gaps. CHF values were repeatable to within 2.2 percent for FC-72 and 1.6 percent for water. The accuracy in measuring the boiler temperatures was better than 1°C. Heat loss from the heater to the surroundings was less than 2 percent of the supplied electrical power.
Results and Discussion
Experiments were carried out on a flat vertical boiling surface using water and FC-72. These two fluids possess drastically different thermophysical properties, as indicated in Table 2 for saturated conditions at one atmosphere. Most notably, both the latent heat of vaporization and surface tension are one order of magnitude greater for water than for FC-72. Additionally, FC-72 is known to produce vanishingly small contact angles ͑less than 1 deg͒ with most surfaces, compared to much greater contact angles for water that are sensitive to both surface material and surface finish.
All experiments were performed at atmospheric pressure and saturated conditions. Tests were performed to explore boiling conditions over a broad range of heat fluxes up to CHF for different gaps. Tests were also performed with a select number of gaps to capture bubble formation, coalescence, and departure at different heat fluxes in pursuit of a mechanistic understanding of the differences in boiling behavior between the two fluids.
Experimental Results. A total of 13 gaps were tested in FC-72 and 12 in water. These gaps ranged from 0.051 to 21.46 mm. Figures 3(a) and (b) show the variation of CHF with boiler gap for FC-72 and water, respectively. Overall, CHF values for FC-72 were smaller than for water because of the relatively poor thermophysical properties of the former. For relatively large gaps, CHF showed insignificant dependence on boiler gap for both fluids. However, small gaps produced changes in CHF that were both drastic and followed opposite trends for the two fluids. Decreasing the gap below 3.56 mm produced a substantial rise in CHF for FC-72, reaching a maximum for ␦ϭ0.13 mm, before beginning to decrease for smaller gaps. For water, CHF was fairly insensitive down to 0.51 mm, below which it began to decrease sharply.
Figures 4(a) and (b) show boiling curves for three representative gaps for FC-72 and water, respectively. Remarkably, the boiling curves for FC-72 show no signs of the incipience temperature drop commonly encountered in pool boiling systems ͓7͔. The boiling curves for each fluid overlap in both the single-phase region and lower portion of the nucleate boiling region, leading to a ) show vertical isolated columns of vapor forming towards the middle of the surface, where liquid velocity is highest, while more crowding of vapor columns is evident near the vertical edges. Interestingly, even with a small gap of 0.51 mm, bubbles at 50 percent CHF still could grow to their departure size without interacting with the transparent cover. Visual observation confirmed that these vertical columns started forming at about 30 percent CHF. More columns were generated at higher fluxes until 70 percent CHF, when the proliferation of bubbles columns along the entire surface both precluded the formation of any additional columns and signaled the onset of coalescence of bubbles from adjacent columns. At 97 percent CHF, small bubbles formed along the upstream ͑lower͒ edge of the surface for all three gaps. These bubbles coalesced downstream into larger bubbles whose size increased appreciably for larger gaps.
Figures 6(a) -(c) depict boiling behavior for water corresponding to three representative gaps. For the 0.13-mm gap, Fig.  6(a) , a large number of bubbles emerged from the surface simultaneously at incipient boiling. A few groups of neighboring bubbles quickly coalesced into larger bubbles that spread laterally after making contact with the transparent cover. The enormous lateral growth of these large bubbles at 50 percent and 97 percent CHF greatly inhibited liquid replenishment for small gaps, which reduced CHF relative to larger gaps. For the two larger gaps, Figs. 6(a) and (b), no appreciable contact with the transparent cover occurred; bubbles coalesced locally and grew normal to the surface rather than spread laterally. CHF values therefore remained fairly constant for gaps greater than 0.51 mm. Comparing incipient boiling conditions for the three gaps shows bubble size increased with increasing gap. In general, the bubbles formed in water were uniformly distributed over the boiling surface, while bubbles in FC-72 followed preferential paths.
For both fluids, the two-phase mixture exiting the boiler exhibited a periodicity that was more easily distinguishable in water than in FC-72 due to the much larger size of bubbles generated in water. The period of vapor release decreased with increasing heat flux, becoming barely noticeable at very high fluxes as the vapor release became fairly continuous.
Figure 7(a) shows temporal plots of the boiling module temperatures at CHFϪ ͑condition leading to CHF͒ in FC-72 for three gaps. These temperatures include the boiling surface temperature, T w , the inlet fluid temperature below the boiling surface, T in , and the outlet fluid temperature above the boiling surface, T out . For the smallest gap of 0.51 mm, Fig. 7(a) shows cyclical temperature fluctuations in all three temperatures. The three temperatures increased very slowly until a short, rapid increase in T w ͑about 0.2°C) occurred, following which the three temperatures dropped sharply in unison before repeating the thermal cycle once again. The cyclical temperature drops coincided with cyclical drops in Transactions of the ASME the reservoir liquid level ͑explained below͒, which was more pronounced with smaller gaps, and virtually nonexistent for all gaps exceeding 3 mm. Interestingly, this cyclical drop was observed only as CHF was approached. Figure 7 (a) shows a dampening of temperature drop with increasing gap; cycling was virtually nonexistent for ␦ϭ12.32 mm. Thermal cycling for the 0.51-mm gap consisted of high-frequency excursions superimposed on more dominant, large frequency drops. One peculiarity about FC-72 was the fluctuation of liquid level in the reservoir above 70 percent CHF; liquid level was fairly constant below this heat flux. This was not sporadic but occurred at regular intervals, synchronous with the boiler inlet temperature variations indicated in Fig. 7(a) . This phenomenon was not easily discernible with water.
At high heat fluxes, the liquid level in the reservoir started dropping steadily in FC-72 as the inlet temperature increased. The liquid dropped to its minimum level near the bottom of the reservoir just as the inlet temperature reached a maximum. The drop in liquid level was marred by slight fluctuations concurrent with the smaller ripples in the inlet temperature. The level remained steady for the next 20-70 s as the inlet temperature began to drop. The liquid then began to rise quickly to its initial level once the inlet temperature recovered from its drop. Interestingly, the temperature of the boiling surface exhibited negligible cycling for all heat fluxes below 90 percent CHF. As the flux was increased further, the period of fluctuation in both inlet temperature and liquid level started to diminish. However, the lowest liquid level in the reservoir remained constant irrespective of heat flux, and was impervious to the initial liquid level, as long as the reservoir was initially at least half full.
Figure 7(b) shows temporal plots of the boiling module temperatures for water. Comparing those with the FC-72 temporal plots, Fig. 7(a) , shows cyclical temperature changes occurred with water as well, albeit with far less uniformity. More importantly, both the thermal cycling and reservoir liquid level fluctuations were far more pronounced for the larger gaps in water but smaller gaps in FC-72. This again points to drastically different behavior for the two fluids.
These unusual trends seem to be closely related to bubble departure diameter. The vast differences in both surface tension and contact angle between the two fluids ͑both properties being much smaller for FC-72 than for water͒ produce much smaller bubbles in FC-72. Table 2 shows the surface tension of water is seven times that of FC-72. In addition, FC-72 is a highly wetting fluid, maintaining a contact angle of less than one degree with most surface materials and finishes ͓7͔. Table 3 shows the drastic differences between the bubble departure diameters for FC-72 and water according to the Fritz Bond number correlation ͓10͔,
where is the contact angle in degrees. A contact angle of 1°is assumed for FC-72 compared to a range of 50-90°for water, which is known to have high sensitivity to both surface material and surface finish. The small departure diameter in FC-72 means bubbles will remain in close proximity to the surface, allowing replenishment liquid to flow unobstructed even in very small gaps. On the other hand, vapor bubbles in water are several orders of magnitude greater, meaning for small gaps they will grow and interact with the transparent cover before spreading laterally to fill a significant portion of the area available for the replenishment liquid flow. CHF is therefore greatly compromised in water for small gaps.
While the bubble diameter values in Table 3 help explain why small gaps greatly decrease CHF for water and not for FC-72, this simple bubble departure criterion does not explain why CHF increases appreciably in FC-72 with decreasing gap ͑excepting extremely small gaps below 0.13 mm͒. Recall that the present system sets up a flow loop, with liquid constantly reentering the boiler to compensate for the two-phase mixture being released upward from the boiler. Comparing the drag force exerted by the liquid flow on a bubble and the surface tension force responsible for bubble attachment to the surface proves the departure diameter in flow boiling is inversely proportional to the square of liquid velocity. Decreasing flow gap will increase flow velocity, which reduces both the departure diameter and the flow blockage due to the bubbles. Hence CHF increases in FC-72 with decreasing gap. This enhancement is possible until the gap is less than a critical value, at which point flow blockage will occur even in FC-72 and CHF begins decreasing. This is precisely what is observed in Fig.  3(a) .
The enhancement effect resulting from decreasing the gap is not realized in water since the increase in liquid velocity is apparently too weak to clear the bubbles obstructing the liquid replenishment. Figure 6 (b) shows CHF for water decreases significantly starting at a gap of 0.13 mm. This is due to the fact that the water bubbles cannot form freely and are impeded by smaller gaps. This is quite apparent in Fig. 6(a) , where, even at incipient boiling, a significant number of bubbles are being squeezed by the transparent cover.
To illustrate the merits of the pumpless loop relative to pool boiling, the experimental apparatus was modified by disconnecting the cold tube entirely, reducing the system to a simple pool boiling thermosyphon. Table 4 compares the measured pool boil- 
Notably, the pool boiling data in the confined boiler configuration are smaller for FC-72, and much smaller for water, than predicted by the Zuber et al. model. This also implies that, for confined boilers, the present pumpless loop ͑a͒ produces great enhancement in CHF compared to pool boiling, and ͑b͒ far greater enhancement in CHF is realized with the small gaps required in miniature electronic cooling systems. It is difficult to draw any quantitative conclusions on the effect of flow gap on CHF without understanding the various forces influencing the liquid flow into the boiler. The next section will explore this issue using a pressure drop model of the entire flow loop. Figure 8 shows the nomenclature adopted in the pumpless loop model. Pressure drop in this system is comprised of frictional, accelerational, and gravitational components; accelerational effects are only encountered in the boiler, where phase change takes place. Several assumptions are used in the model, including negligible pressure losses due to the tube bends as well as the boiling module and reservoir inlet and exit effects.
Pressure Drop Model.
Starting with a constant datum pressure P 0 , corresponding to the free liquid surface in the reservoir, the pressure drops between points 0 and 1 can be represented as follows:
Adding Eqs. ͑3͒-͑7͒, and rearranging,
The left-hand-side term of Eq. ͑8͒ is the total pressure drop due to the liquid head only, which has to balance the two-phase gravitational and accelerational pressure drops in additional to the frictional pressure drops across the entire loop.
Frictional Pressure Drop. The frictional pressure drops resulting from single-phase flow at flow rate ṁ inside the plastic tubing of diameter d can be combined into one term,
where 
The Petukhov correlation ͓12͔, Eq. ͑9d͒, is actually valid for Reynolds numbers from 3000 to 5ϫ10 6 . However, it is used here only for Re d Ͼ2ϫ10 4 since Eq. ͑9c͒ is better suited for the lower range of the turbulent region.
The homogeneous equilibrium model ͓6,13͔ is used to determine the two-phase frictional, accelerational, and gravitational components of pressure drop. The Drift-flux model ͓14͔ is also used to improve the accuracy in modeling the two-phase gravitational pressure drop. A key advantage of the homogeneous equilibrium model is its ability to provide analytical expressions for the two-phase pressure drop components.
There are two distinct two-phase regions in the present loop. The first is a two-phase heated region ͑3-4͒ associated with the boiler itself, which is followed by an adiabatic two-phase region ͑4 -0͒. At the boiler outlet ͑4͒, the thermodynamic equilibrium quality is expressed as
where A s is the area of the boiling surface. Since thermodynamic equilibrium quality x is linearly dependent on distance z along the boiling surface, the two-phase frictional pressure drop across the boiler can be expressed as 
Two-Phase Accelerational Pressure Drop. Since x is a linear function of distance z along the boiling surface, the accelerational pressure drop across the boiler can be expressed as
Two-Phase Gravitational Pressure Drop. The homogeneous equilibrium model yields the following relations for the two-phase gravitational pressure drop across the boiler ͑3-4͒ where x is linearly dependent on z, and the adiabatic section ͑4 -0͒ where xϭx L , respectively:
One weakness in the homogeneous equilibrium model is its inability to account for velocity differences between the two phases. The drift-flux model represents a more powerful method to accounting for these velocity differences based on a more accurate determination of void fraction. It is also well suited for modeling the adiabatic two-phase region ͑4 -0͒, where slug flow was observed exiting the boiler.
According to the homogeneous equilibrium model, the void fraction ␣ in the two-phase adiabatic region can be related directly to the thermodynamic equilibrium quality by assuming equal phase velocities. Applying the two-phase mixture density relation
yields the following expression for void fraction:
which can be combined with Eq. ͑10͒ to express void fraction from 4 to 0 in terms of the boiler heat flux,
The drift-flux model, on the other hand, relies on flow area averaging of phase velocities and void fraction to determine an average void fraction ͗␣ L ͘ which can be used to more accurately calculate the gravitational pressure drop from 4 to 0,
The average void fraction ͗␣ L ͘ is a function of volumetric flow fraction ͗␤͘, superficial velocity ͗ j͘, weighted-mean drift-flux velocity U g j , and distribution parameter C 0 ; the last two are dictated by the two-phase flow pattern ͓14͔,
where
͗ j͘ϭ
for slug flow C 0 ϭ1.2, and
Equation ͑8͒ was used to ascertain the effects of boiler gap on the various components of pressure drop for each fluid. The parameters examined include the thermodynamic equilibrium quality at the boiler exit, x L , the void fraction at the module exit, ␣ L , the mass flow rate induced in the loop, ṁ , the liquid velocity at the inlet to the boiling surface, u in (ϭṁ /( f A c )), and the velocity of the two-phase mixture exiting the boiling surface, u L , which is given by
The loop performance calculations were repeated for different boiler heat flux levels under saturated conditions corresponding to one atmosphere. Equation ͑19͒ was used instead of Eq. ͑15͒ to determine the gravitational pressure drop between 4 and 0.
Figures 9(a) and (b) show the pressure drop model predictions for FC-72 and water, respectively, corresponding to measured CHF for each gap and fluid. Variations of the key parameters can be clearly referenced to trends in the CHF data, which are provided in the bottom plot of each figure. Some of the predicted trends are shared by both FC-72 and water. The thermodynamic equilibrium quality and void fraction are fairly constant for large gaps but increase appreciably for small gaps. The coolant flow rate ṁ is fairly constant for large gaps but decreases sharply for gaps below 4 mm for both fluids, which lends credence to the suitability of the pumpless loop to miniature electronic cooling systems demanding low coolant inventory. The liquid velocity at the inlet to the boiling surface, u in , first increases with decreasing gap, reaching a maximum at about 2 mm for both FC-72 and water, below which liquid velocity decreases in accordance with the decrease in mass flow rate. The two-phase velocity at the exit of the boiling surface, u L , shows a monotonic increase with decreasing gap culminating in very large velocities for the smallest.
Figures 9(a) and (b) also show that significant changes in pressure drop components begin to occur in concert with the large increases in void fraction and thermodynamic equilibrium quality. For both FC-72 and water, decreasing the gap increases the accelerational pressure drop across the boiling surface, and for FC-72, the frictional pressure drop. At the peak point in the accelerational pressure gradient, corresponding to about 0.50 mm for both FC-72 and water, the accelerational pressure gradient completely dominates the total pressure drop ⌬ P, and Eqs. ͑8͒ and ͑13͒ can be combined to yield the following approximation: 
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Introducing the definition of thermodynamic equilibrium quality, Eq. ͑10͒, and recalling that A c ϭL.␦ and A s ϭL 2 , reduce Eq. ͑25͒ to
Thus the loop's mass flow rate for small gaps is proportional to the square of the gap and inversely proportional to CHF.
Figures 9(a) and (b) clearly illustrate two key advantages of a smaller gap: ͑a͒ small coolant inventory requirements, and ͑b͒ enhanced CHF due to high acceleration of the two-phase mixture across the boiling surface. Since the pressure drop model does not account for blockage of the replenishment liquid in the case of water, it can be concluded that the model is valid for FC-72 but not for water. In other words, the growth of large bubbles in water will cause virtually complete blockage of the flow, greatly reducing the liquid flow rate and two-phase mixture velocity for water compared to the model predictions.
Conclusions
This paper explored a pumpless cooling system specifically tailored to compact, high-flux electronic cooling systems. Experiments were performed on a flat vertical boiling surface with water and FC-72 using different boiler gaps. A pressure drop model was constructed to determine how the gap influences the various forces in the system, and hence system response to heat input. Below are the key findings from the study.
1. Like pool boiling thermosyphons, the present system is selfsustaining and relies on density differences to ensure liquid replenishment of the boiling surface during severe boiling. But unlike pool boiling thermosyphons, the pumpless loop completely isolates the path of the replenishment liquid from that of the vapor exiting the boiler. 2. The pumpless loop completely eliminates the incipient boiling temperature drop common to low contact angle coolants and reduces overall thermal cycling to negligible levels. 3. While pool boiling in small gaps greatly reduces CHF compared to an infinite liquid pool, small gaps actually increase CHF with the pumpless loop. CHF multiples as high as 4.5 and 4.2 were realized relative to pool boiling with identical gaps for FC-72 and water, respectively. 4. For both fluids, CHF shows little dependence on boiler gap for large gaps. However, small gaps produce CHF variations that are both drastic and follow opposite trends for the two fluids. Decreasing the gap below 3.56 mm produces a substantial rise in CHF for FC-72. For water, CHF is fairly insensitive down to 0.51 mm, below which it begins to decrease sharply. 5. The CHF trends with boiler gap are closely related to the small surface tension and contact angle of FC-72 greatly reducing bubble departure diameter. Very small bubbles can therefore be passed through narrow gaps in FC-72, while much larger bubbles obstruct liquid replenishment in narrow gaps for water. 6. Small gaps cause large increases in the accelerational and, to a lesser extent, frictional pressure components of pressure drop across the boiler itself in FC-72. High CHF is possible with small gaps due to the large acceleration of the twophase mixture across the boiling surface. The same effect is not possible in water due to the blockage caused by large bubbles.
